The endosymbiotic bacterium Wolbachia suppresses the capacity for arbovirus transmission in the mosquito Aedes aegypti, and can spread spatially through wild mosquito populations following local introductions. Recent introductions in Cairns, Australia have demonstrated slower than expected spatial spread. Potential reasons for this include: (i) barriers to Ae. aegypti dispersal; (ii) higher incidence of long-range dispersal; and (iii) intergenerational loss of Wolbachia. We investigated these three potential factors using genome-wide single-nucleotide polymorphisms (SNPs) and an assay for the Wolbachia infection wMel in 161 Ae. aegypti collected from Cairns in 2015. We detected a small but significant barrier effect of Cairns highways on Ae. aegypti dispersal using distance-based redundancy analysis and patch-based simulation analysis. We detected a pair of putative full-siblings in ovitraps 1312 m apart, indicating long-distance female movement likely mediated by human transport. We also found a pair of full-siblings of different infection status, indicating intergenerational loss of Wolbachia in the field. These three factors are all expected to contribute to the slow spread of Wolbachia through Ae. aegypti populations, though from our results it is unclear whether Wolbachia loss and long-distance movement are sufficiently common to reduce the speed of spatial spread appreciably. Our findings inform the strategic deployment of Wolbachiainfected mosquitoes during releases, and show how parameter estimates from laboratory studies may differ from those estimated using field data. Our landscape genomics approach can be extended to other host/symbiont systems that are being considered for biocontrol.
Introduction
The mosquito Aedes aegypti (Diptera, Culicinae) is the primary vector of arboviruses including dengue, Zika and chikungunya that impose an increasing burden on human health worldwide (Bogoch et al. 2016; Weaver and Lecuit 2015) . Conventional approaches to combatting these viruses have involved the suppression of Ae. aegypti populations through source reduction or insecticide-based programmes, but these have had limited efficacy (Focks et al. 2000) . One alternative strategy involves the release of Ae. aegypti carrying an infection of the virus-inhibiting, endosymbiotic bacterium Wolbachia into wild Ae. aegypti populations (McGraw and O'Neill 2013) . Once they are widespread in host populations, Wolbachia are expected to diminish the disease transmission rate enough to prevent outbreaks (Ferguson et al. 2015) . Although Ae. aegypti does not naturally carry Wolbachia, several Wolbachia strains have been successfully transferred into Ae. aegypti from other hosts (Walker et al. 2011; Xi et al. 2005) .
The Wolbachia strain wMel, originating from D. melanogaster, has proven suitable for field deployments in Ae. aegypti given its viral blockage (Ferguson et al. 2015) , moderate fitness costs (Walker et al. 2011) , high intergenerational transmission fidelity and complete cytoplasmic incompatibility (Walker et al. 2011) . Cytoplasmic incompatibility (CI) describes the phenomenon that offspring of uninfected females mated with Wolbachia-infected males are unviable, while offspring of Wolbachia-infected females are viable and will carry the infection regardless of male infection status (Hoffmann and Turelli 1997) . When Wolbachia-infected males are common, CI greatly reduces the relative fitness of uninfected females, which ensures that future generations will be increasingly comprised of Wolbachia-infected individuals. However, Wolbachia also impose frequencyindependent fitness costs on hosts, which for wMel in Ae. aegypti include a shorter lifespan (Walker et al. 2011 ) and reduced larval competitive ability Ross et al. 2016; Suh and Dobson 2013) . The interaction between costs and benefits produces a critical frequency of Wolbachia infection (b p) that must be exceeded for Wolbachia to invade the mosquito population (Hoffmann et al. 1990; Turelli 2010) .
Releases of wMel-infected Ae. aegypti into two sites near Cairns, Australia, confirmed that Wolbachia can establish stably in quasi-isolated habitat patches (Hoffmann et al. 2011; Hoffmann et al. 2014) . A subsequent study with releases centred within continuous mosquito habitat demonstrated the successful spatial spread of the invasion into surrounding habitat, so that the infection region grew ≈ 70-85% over the ensuing 18 months (Schmidt et al. 2017) . However, the rate of spread of approximately 100-200 m per year is close to the lower bound of predicted spread speeds for this host/Wolbachia system (Turelli and Barton 2017) . This suggests that various potential biological and environmental processes could be operating to restrict the speed or extent of the spread (Barton and Turelli 2011; Turelli and Barton 2017) .
This study investigates three potential causes for the slow spread observed in Cairns: (i) barriers to mosquito dispersal; (ii) higher incidence of long-range dispersal; and (iii) occasional intergenerational loss of Wolbachia (designated as µ). We screened Ae. aegypti from Cairns for the wMel transinfection and genotyped individuals at genome-wide single-nucleotide polymorphisms (SNPs) using double digest restriction-site-associated DNA sequencing (ddRADseq: Peterson et al. (2012) ). SNP data sets produced with ddRADseq have been used to elucidate genetic structure in Ae. aegypti within cities (Rašić et al. 2015a; Rašić et al. 2015b) , and have power superior to microsatellites when inferring relationships between Ae. aegypti individuals and populations (Rašić et al. 2014) .
Fine-scale dispersal of Ae. aegypti is mostly accomplished through short-range flight, which may make highways and other geographical features effective barriers to movement. In Cairns, a Mark-Release-Recapture (MRR) study with releases centred next to a 20 m-wide road recorded lower recapture rates at traps across the road (Russell et al. 2005) . Similarly, patches separated by a 120 m-wide highway in Trinidad had different frequencies of mitochondrial haplotypes (Hemme et al. 2010) . Observing Wolbachia invasion dynamics around highways also allows for indirect inference of highway barrier effects. Specifically, Wolbachia failed to invade a region across a highway in Gordonvale, Queensland after several years (Turelli and Barton 2017) , and similar dynamics were recently observed in urban Cairns (Schmidt et al. 2017) . In this study, we explicitly tested the hypothesis that the genetic structure of Ae. aegypti in Cairns is affected by highways acting as barriers to dispersal. This was tested alongside the hypotheses that genetic structure reflected a simple isolation-by-distance (IBD) pattern, and that it was affected by the recent patchy and asynchronous releases of Wolbachia-infected mosquitoes throughout the region (see Schmidt et al. 2017) .
If host dispersal distances follow a leptokurtic distribution, Wolbachia spread can proceed up to ≈ 4 times slower than if the distribution of dispersal distances is Gaussian (Turelli and Barton 2017) . Leptokurtic distributions are characterised by higher peaks and tails that approach zero more slowly, and when used to model dispersal distances describe a system with greater numbers of short-distance and long-distance dispersers (Clark et al. 1998) . A higher frequency of long-range dispersal increases the likelihood that a Wolbachia-infected individual will move to an uninvaded region, where they will receive no frequencydependent fitness benefits and thus contribute less to the invasion. Passive dispersal of Ae. aegypti by humans, such as when mosquitoes enter vehicles, can be over distances orders of magnitude longer than the typical 50-100 m flight range of Ae. aegypti (Harrington et al. 2005; Maciel-DeFreitas et al. 2007; Muir and Kay 1998) , increasing the likelihood of ending up far from the site of invasion. Passive dispersal in Aedes is commonly observed in immatures, but movement of imagoes also occurs (Eritja et al. 2017) . Aedes aegypti females lay batches of eggs over multiple gonotrophic cycles (Christophers 1960) , and through multiple acts of "skip" oviposition within a gonotrophic cycle (Reiter 2007) , and thus full-sibling immatures can be found at different sites. In this study, we use the distance of separation between sampled full-siblings to indicate female flight ranges or passive dispersal distances within one or two gonotrophic cycles.
Slow Wolbachia spread can also result from intergenerational loss of Wolbachia (i.e., µ > 0), which will lead to an increase in the critical infection frequency b p (Turelli 2010) . Loss of wMel has not been detected in laboratoryreared Ae. aegypti Ross et al. 2016; Walker et al. 2011) . However, laboratory populations subjected to high, fluctuating temperatures similar to those of Cairns showed significant decreases in wMel density (Ross et al. 2017; Ulrich et al. 2016) , which could lead to loss of the infection (Clancy and Hoffmann 1998; Ikeda et al. 2003) . We looked for evidence of infection loss in Cairns Ae. aegypti by first identifying all matrilineages in which Fine-scale landscape genomics helps explain the slow spatial spreadthe infection was present, then looking for uninfected individuals within these matrilineages, which will have lost or failed to inherit the infection.
Identifying causes of slow spread in Cairns will help future Wolbachia deployments to achieve regional invasion faster and at lower cost. Note that we differentiate the above three potential causes of slow spatial spread from potential causes of slow establishment of the invasion, which can include larval density effects (Hancock et al. 2016 ).
Methods

Study site and sample collection
We deployed 110 ovitraps within properties of consenting householders in Cairns, Australia between 13-16 April, 2015. Traps covered a 3.3 km × 1.9 km region of central Cairns, which we partitioned into six "plots" for reference: Cairns North West (CNW), Cairns North East (CNE), Parramatta Park North (PPN), Parramatta Park South (PPS), Westcourt (WC) and Bungalow (BN) (Fig. 1 Schmidt et al. 2017) .
Each ovitrap consisted of a black plastic bucket containing water and several alfalfa pellets to attract gravid female Ae. aegypti (Ritchie 2001) , which oviposited on strips of red felt extending into the liquid. Traps were left for 5-7 days, then the felt strips were removed and dried. Dried strips of mosquito eggs were hatched by immersion into vessels filled with reverse osmosis water, 2-3 grains of yeast and one quarter of a tropical fish food tablet. Water, food and yeast were replaced after 3 days. Emerging virgin imagoes were transferred to freezing ethanol and stored at −20°C until DNA extraction.
ddRADseq library preparation and SNP discovery
We extracted genomic DNA using Roche DNA Isolation Kit for Cells and Tissues (Roche, Pleasanton, CA, USA), with an additional step of RNase treatment. Seventy-four of the 110 ovitraps produced Ae. aegypti imagoes, and we selected 161 individuals for sequencing. As we expected ovitraps to contain many full-siblings from the same oviposition , which can bias analyses of population structure (Goldberg and Waits 2010), we sequenced no more than three individuals per ovitrap.
We applied the method of Rašić et al. (2014) for ddRADseq library preparation, but selected a smaller size range (350-450 bp) of genomic fragments to accommodate more individuals per library. We generated three libraries each consisting of 60-61 individuals, which were sequenced in three Illumina HiSeq2500 lanes using 100 bp paired-end chemistry. We processed raw fastq sequences within a customised pipeline (Rašić et al. 2014) , retaining reads with phred scores ≥ 13 and trimming them to 90 bp. High-quality reads were aligned to the Ae. aegypti nuclear genome assembly AaegL1 (Nene et al. 2007 ) using Bowtie (Langmead et al. 2009 ). We allowed for up to three mismatches in the alignment seed, and uniquely aligned reads were analysed using Stacks (Catchen et al. 2013 ), which we used to call genotypes at RAD stacks of a minimum depth of five reads. We used the Stacks programme populations to export VCF files, which we filtered using VCFtools (Danecek et al. 2011) . We kept 134 individuals with < 20% missing data, and retained loci at Hardy-Weinberg equilibrium (81% of loci) and with minor allele frequencies > 0.05 (average frequency in retained loci = 0.21). We applied thinning to ensure no SNP was within 250 kbp of another. As Aedes genome contains approximately 2.1 megabases per cM (Brown et al. 2001) , 250 kbp roughly corresponds to eight SNPs per map unit, a sampling density shown to largely eradicate linkage effects in SNPs (Cho and Dupuis 2009) . We retained 3784 unlinked and informative SNPs for analyses of relatedness and genetic structure.
Assessing barriers to dispersal: landscape resistance modelling
We tested the hypotheses that highways affect Ae. aegypti genetic structure in Cairns (H 1 ), and that genetic structure was affected by recent releases of Wolbachia (H 2 ). To test H 1 and H 2 , we derived continuous variables we called "Highways" and "Releases" respectively, that we scored for each individual using processes outlined in Appendix A. Individuals were scored so that differences in scores between pairs of individuals would reflect the number of highways separating them and how different their release histories were.
We performed partial distance-based redundancy analyses (dbRDA: Legendre and Anderson 1999) , to test H 1 and H 2 as explicit hypotheses, while controlling for the potentially confounding effects of IBD and latitudinal and longitudinal patterns. We sampled one individual from each matrilineage (see below) with the lowest percentage of missing data, retaining 100 individuals with 1.65-13.3% missing data. We treated Easting and Northing UTM coordinates and a binary variable indicating individual Wolbachia infection status as potentially confounding variables, which were placed inside a conditional matrix. The dependent variable was a distance matrix of Rousset's a scores (Rousset 2000) calculated for each pair of individuals using the programme SPAGeDi (Hardy and Vekemans 2002) .
All remaining model procedures were performed in the R package VEGAN (Oksanen et al. 2007 ). We built dbRDA models using the function capscale. For all models, we applied the effects of the conditional matrix described above, and assessed the significance of "Highways" and "Releases". We built three models: one implementing both predictor variables and the other two implementing each variable in isolation. We assessed the marginal significance of each predictor variable with the function anova.cca, using 99,999 permutations. We then repeated the procedure with Wolbachia infection status used as a predictor variable alongside "Highways" and "Releases". While constructing models, we calculated variance-inflation factors (VIF) to check for multicollinearity between predictor variables, using the function vif.cca. All VIFs were < 1.1, so none were rejected.
Assessing barriers to dispersal: type I error testing
Although ordination methods such as dbRDA can detect genetic structure with greater power than traditional Mantel tests (Legendre and Fortin 2010) , they can also generate more Type I errors (Kierepka and Latch 2015) . For instance, when genetic structure exhibits IBD, spatial dependence of barrier variables and inadequate sampling can lead to significance being observed when no barrier effect exists (Kierepka and Latch 2016) . We used 100 simulations performed in CDPOP (Landguth and Cushman 2010) to evaluate whether our dbRDA analyses were at high risk of Type I error. Parameters and methodology of our CDPOP simulations are detailed in Appendix B and our CDPOP input file is supplied in Appendix C. We considered that if dbRDA variables were significant for > 5 of our simulations, Type I error was likely.
Assessing barriers to dispersal: patch-based simulation analysis
Wolbachia invasions with bistable dynamics are particularly sensitive to barrier effects (Barton and Turelli 2011) . Sensitivity to barrier effects increases exponentially as b p approaches 0.5, and the b p ≈ 0.35 of wMel in Ae. aegypti (Turelli and Barton 2017) indicates such an invasion can be stopped by a barrier half the strength of that required to stop an invasion with b p ≈ 0.25 (Barton and Turelli 2011) . Likewise, higher b p means that slight disruptions to dispersal can slow an advancing wave considerably (Barton and Turelli 2011; Turelli and Barton 2017) . Considering this, it is likely that barriers capable of producing even slight genetic structure will have an impact.
We used a patch-based simulator derived from Nemo2 (Guillaume and Rougemont 2006) and empirical data from Schmidt et al. (2017) to investigate the restrictive effects of the two Cairns highways on Wolbachia spread. This provides a means of translating between the magnitude of genetic structure produced by highways as estimated in our dbRDAs and the magnitude of the reductions in Wolbachia frequency across highways observed following releases in Parramatta Park (Schmidt et al. 2017) . Our simulations modelled the spread of wMel through Parramatta Park in the absence of barriers, and contrasted these observation with the empirical data from Schmidt et al. (2017) . Parameters, methodology and results are detailed in Appendix F.
Long-distance host movement and infection loss: estimating relatedness/kinship
We used SPAGeDi (Hardy and Vekemans 2002) to calculate Loiselle's k (Loiselle et al. 1995 ) among pairs of individuals, and from this estimate the specific relationship category of each pair. Estimation procedures are described in Appendix D. In summary, pairs with kinship coefficient k > 0.1875 represented putative full-siblings, and those with 0.1875 > k > 0.0938 represented putative half-siblings (Iacchei et al. 2013 ). These estimates were tested using maximum-likelihood simulations, involving a "standard" test, which assumed that the kinship category assigned using k was more likely than the next most likely kinship category, and a "conservative" test that assumed that the kinship category assigned using k was less likely to be correct than the next most likely kinship category. We considered the distance of separation between full-siblings to indicate movement of adult females.
Long-distance host movement and infection loss: Wolbachia infection screening
Mosquitoes were screened for Wolbachia using the protocol of Lee et al. (2012) . A summary of this method and our protocols for calculating infection titres is presented in Appendix E. From our Wolbachia-infection screening and relatedness analysis, we identified wMel-infected matrilineages as being any group of full-siblings containing at least one individual infected with Wolbachia. Uninfected individuals within infected matrilineages were considered to have failed to inherit the infection maternally or to have lost it during development. We estimated the rate of infection loss per generation (µ) by comparing the number of these individuals with the total number of full-siblings from infected matrilineages.
Results
Barriers to dispersal
ANOVAs performed on partial dbRDA models showed that only the "Highways" variable was predictive of genetic structure (Table 1, P < 0.05), and was significant irrespective of the inclusion of "Releases". Based on partial Eta squared (ƞ p 2 : Tabachnick and Fidell (1996) ), "Highways" explained 1.7% of the variance in each model. A biplot of both "Highways" and "Releases" (Fig. S1) showed that "Highways" contributed to more variance on the first axis (1.30% of variation), while "Releases" contributed to more variance on the second axis (1.19% of variation), but no obvious clustering in scores was observed for either variable. These results suggest that highways exert a significant influence on genetic structure of Cairns Ae. aegypti, whereas patchy Wolbachia release histories do not.
Following this observation, we used the individual-based simulations conducted in CDPOP (see Appendix B) to investigate potential Type I error in this observation of genetic structure. As significance in our dbRDAs was assessed at 95% confidence, we considered that if more than five of the 100 simulated samples showed significance for a variable then observations regarding that variable would be at elevated risk of Type I error. However, only two of the samples showed significant structuring by "Highways" at the P < 0.05 level, which did not change when "Releases" was included. As this is below our threshold of five significant simulations, we conclude that the structuring effect of "Highways" observed in our dbRDAs is unlikely to be a Type I error. Sensitivity analyses (see Appendix A) demonstrated robust results for "Highways", with ƞ p 2 effect sizes ranging from 0.0154-0.019.
Our patch-based simulations (Appendix F) showed that, when Wolbachia spread was modelled with no barrier effects, simulated infection frequencies in patches separated by highways were overestimated relative to the empirical infection frequencies in Schmidt et al. (2017) , with an average overestimation across treatments of 6.5%. By comparison, no overestimation of infection frequencies was observed in patches not separated by highways. Overall, The variables were each analysed in isolation in separate models, then together in a single model. In every case, "Highways" was predictive of genetic structure while "Releases" was not. Partial Eta squared (ƞ p 2 ) showed that "Highways" accounted for 1.7% of the variation within each model simulation of the Wolbachia invasion progress south of Bruce Highway indicated that barrier strength corresponded to an added 30-35 m of separation.
Estimates of long-distance movement
We detected 31 putative full-sibling groups that contained 43 full-sibling pairs, 41 of which were found within single ovitraps. Two pairs were spread between different plots (Fig. 2) : one was split between CNW and CNE (239 m separation, k = 0.203); the other between CNW and PPS (1312 m separation, k = 0.235). Standard maximumlikelihood simulations gave strong support to both pairs being full-siblings (both P < 0.001). However, conservative simulations were unable to reject the hypotheses that either pair represented half-siblings (P < 0.001 and P < 0.02, respectively), but rejected them as unrelated (both P = 1). Nevertheless, the putative full-siblings from traps 1312 m apart had a k-score 25.3% higher than the full-sibling/halfsibling category boundary.
Among individuals sampled from within the same trap, we found a mixture of putative full-siblings, half-siblings and unrelated individuals. Of the 27 traps in which two individuals were sequenced, eight (29.63%) contained unrelated individuals, thirteen (48.15%) contained fullsiblings and six (22.22%) contained half-siblings. Of the 20 traps where three individuals were sequenced, three (15%) contained no related individuals, five (25%) contained only full-siblings, four (20%) contained a single full-sibling pair, and one (5%) contained a single half-sibling pair.
Loss of Wolbachia
Triplicate PCR runs for wMel detection indicated that 60 of the 161 mosquitoes were infected with Wolbachia. We detected ten Wolbachia-infected matrilineages, containing 21 individuals. Importantly, we recorded a single case of infection loss in CNW. The sample from this matrilineage consisted of a pair of putative full-siblings (k = 0.376), one of which carried the infection (titre = 6.15) and one of which did not. Maximum-likelihood simulation confirmed that this pair were full-siblings (P < 0.001) and rejected the alternative hypotheses (both P = 1). We calculated a tentative probability of infection loss among offspring within infected matrilineages, giving a likelihood of loss of one in 21 (µ = 0.048). However, the 95% binomial confidence intervals around this estimate were very large (0.001, 0.238), and additional observations of infection loss will be necessary to make predictions about the impact of Wolbachia transmission loss.
Our finding of infection loss runs counter to previous estimates of µ = 0 among laboratory-reared Ae. aegypti Walker et al. 2011) . However, individuals assayed in this study were oviposited in the field, suggesting that field conditions could be more conducive to infection loss. We compared Wolbachia infection titres among infected mosquitoes in our semi-field-reared Cairns sample and those of a field-reared sample from the neighbouring town of Gordonvale (see Appendix G), which had been subjected to releases in 2011 (cf. Hoffmann et al. 2011 ). The Gordonvale sample had titres that were almost three times higher than Cairns on average, but also three times as dispersed (x ̅ = 18.4, σ = 10.8; compared with x ̅ = 6.6, σ = 3.8 in Cairns). One individual from Gordonvale had a titre of only one Wolbachia gene copy for every three Aedes gene copies, while the lowest titre in the Cairns sample was more than three times higher than this. The highest titre in Gordonvale was 56 Wolbachia gene copies for each Aedes gene copy, more than double the highest recorded in Cairns.
Discussion
Our study produced three main findings: (i) highways exert a modest but statistically significant influence on Ae. aegypti genetic structure; (ii) adult Ae. aegypti can travel > 1 km; and (iii) Ae. aegypti in Cairns lose the wMel infection at some non-zero frequency (μ > 0). Each phenomenon is expected to have a slowing effect on the spatial spread of a wMel invasion (Barton and Turelli 2011; Turelli and Barton 2017) . Because (ii) and (iii) were based on single observations, we cannot confidently predict their frequency among Ae. aegypti in Cairns, and thus it is unclear to what Fine-scale landscape genomics helps explain the slow spatial spreaddegree these are likely to affect spread. However, field observations of slow spread of wMel through Cairns (Schmidt et al. 2017; Turelli and Barton 2017) are congruent with some long-distance movement and occasional infection loss.
Highways act as dispersal barriers
While previous studies suggested that roads could be barriers to Ae. aegypti dispersal (Hemme et al. 2010; Russell et al. 2005) , we provide the first evidence for such an effect through explicit hypothesis testing within a landscape genetics framework. We detected a small but statistically significant barrier effect of highways, corresponding to 1.7% of dbRDA variance in genetic distance between individuals. Our simulations of Wolbachia invasion progress south of Bruce Highway (Appendix F) showed that barrier strength corresponded to an added 30-35 m of separation, which could be investigated further with Ae. aegypti population modelling tools such as Skeeter Buster (Magori et al. 2009 ). The wMel invasion observed at Parramatta Park was slow (100-200 m per year: Schmidt et al. 2017) , with the infection frequencies at the wave front being only slightly above the critical frequency b p ≈ 0.35 (Turelli and Barton 2017) . Therefore, even a small added "cost" to cross the highway could slow the invasion considerably (Barton and Turelli 2011) . If the restrictive effect of highways on dispersal increase with highway width and traffic levels, then many urban highways in cities earmarked for future wMel releases would likely be effective barriers to spread.
On the other hand, the restrictive effects of highways on dispersal can strengthen the invasion within the area they enclose. The habitat patches along these highway boundaries will have increased infection frequencies relative to patches in regions that are not subdivided, and could fortify the local invasion from the counteracting effect of uninfected immigrants. Following the 2013 Wolbachia releases in Cairns, the largest and most successfully invaded release site at Edge Hill/Whitfield recorded an influx of uninfected Ae. aegypti at the start of the 2014/2015 wet season (Schmidt et al. 2017 ). This site was deemed particularly vulnerable to such reinvasion, due to its greater connectivity to surrounding uninfected regions and very low dry-season mosquito density. Ideally, future release sites in areas with low dry-season densities should be positioned adjacent to dispersal barriers such as highways, as this may help reduce the threat of reinvasion.
Long-distance movement of Aedes aegypti adults
Analyses of local kinship patterns have provided several useful inferences regarding Ae. aegypti ecology. The pair of probable full-siblings collected from ovitraps 1312 m apart most likely indicates movement of a single female between oviposition events, and represents either the extreme end of the flight range in Ae. aegypti or some combination of active and passive dispersal. Previous maximum dispersal estimates of gravid Ae. aegypti females have been less than a kilometre in a single gonotrophic (egg producing) cycle (Honório et al. 2003; Reiter et al. 1995) . In our study, 7 days passed between deployment and sampling of the two ovitraps 1312 m apart, which is long enough for an additional unobserved egg deposition somewhere between them (Christophers 1960 ). If we assume this distance to reflect active dispersal, an additional gonotrophic cycle is likely. The length of a single such cycle is rarely more than a few days, particularly when temperatures exceed 30°C (Christophers 1960) as they did during our sampling. If the distance was crossed in a single gonotrophic cycle, the average daily speed would have been an order of magnitude greater than the previous estimates of average female flight speed near Cairns of 17-25 m/day (Muir and Kay 1998) . Therefore, passive, human-assisted transport is likely to have occurred. Adults of the related mosquito Ae. albopictus have been found in cars stopped at major roads in Barcelona, Spain (Eritja et al. 2017) .
Using a continuous coefficient of relationship such as k to assign pairs of individuals to discrete kinship categories can be problematic when scores are close to the critical cutoff values. Pairing this method with conservative maximum-likelihood estimation resolved some of the clearer distinctions (i.e., the full-siblings exhibiting Wolbachia loss) but not others (i.e., the putative full-siblings exhibiting long-distance movement). However, the k-scores of putative full-siblings and putative half-siblings were clearly separated from each other relative to the variability in k-scores within each category (Fig. 2) , and the putative full-siblings from traps 1312 m apart had a k-score 25.3% higher than the category boundary, suggesting that this pair was much more likely to represent full-siblings than halfsiblings.
We consider the distribution of k-scores within kinship categories to reflect the power of genome-wide SNPs for inferring relationships (Blouin 2003) . Inferring dispersal from relatedness also avoids potential biases resulting from laboratory-raised Ae. aegypti used in MRR studies failing to develop experience in local conditions that will inform their future oviposition choices (Kaur et al. 2003; Ruktanonchai et al. 2015) . Our findings are broadly consistent with the results of several MRR studies showing potential for longdistance movement in Ae. aegypti imagoes (Honório et al. 2003; Reiter et al. 1995) , and suggest that this method provides an alternative to MRR for studying dispersal.
Infection loss in Cairns Aedes aegypti
We found the first evidence in support of intergenerational infection loss (µ > 0) in the Ae. aegypti/wMel system, albeit from a single occurrence. A comparable loss of µ = 0.033 was recorded for the wAlbA infection in field-collected Ae. albopictus (Kittayapong et al. 2002) , though this concerned a natural Wolbachia infection rather than a transinfection. Transmission of wMel in Ae. aegypti has previously been estimated as 100% in the field, but this was based on assaying eggs that were oviposited in the laboratory . By comparison, samples in this study were eclosed from eggs that might have spent days in the field before collection, potentially exposing them to stressors such as high-heat fluctuations, which have been observed to affect titre of wMel transmission in laboratory populations (Ross et al. 2017) . Fluctuating high temperatures could be the reason for the very low titres recorded for some Gordonvale individuals (Appendix G), though this could also be due a reduction in titre with age, which has been recorded for wAlbA in Ae. albopictus males (Tortosa et al. 2010) . The inclusion of blood-fed females in the Gordonvale sample may explain the occurrence of some very high wMel titres, which can double in blood-fed Ae. aegypti (Frentiu et al. 2014) .
The wMel strain successfully invaded Ae. aegypti populations in Gordonvale and Yorkey's Knob, two quasiisolated release sites near Cairns, in 2011 (Hoffmann et al. 2011 ) and these areas have maintained infection frequencies close to 95% for years without reaching fixation . Under the assumptions of µ = 0, high migration rates of uninfected gravid females of 0.03 into Gordonvale and 0.06 into Yorkey's Knob would be required to maintain these infection frequencies . Alternatively, the failure to reach fixation in these areas could be due to a combination of migration and infection loss, which would mean that migration rates of uninfected, gravid females may be lower than 0.06.
Conclusions
Our study has provided empirical evidence for three processes predicted to slow down the spatial spread of wMel in Ae. aegypti, using a landscape genomics analytical framework and molecular assays of Wolbachia infection. This approach could be extended to other host/Wolbachia systems that are increasingly considered for the biocontrol of disease vectors and pests. Non-perfect maternal transmission of wMel in Ae. aegypti may not occur in other Wolbachia strains such as wAlbB, whose density shows greater constancy under fluctuating high temperatures (Ross et al. 2017) . Also, it is as yet unclear whether the observed transmission failure of wMel occurs at a high enough frequency to affect invasion dynamics, and a more extensive field test of transmission fidelity will be necessary to derive an accurate estimate of μ. On the other hand, regardless of the Wolbachia strain deployed, dispersal barriers and higher incidences of long-range dispersal are potential challenges for any Wolbachia invasion strategy requiring spatial spread (Turelli and Barton 2017) .
Data archiving
Aligned sequences for Aedes aegypti used in this study are available from NCBI SRA, retrievable with accession number SRP118883. Geographical coordinates for each mosquito are also available.
